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Abstract The formation of the maxillary sinus (MS) is
tied to the maturation of the craniofacial bones during
development. The MS and surrounding bone matrices in
Japanese foetal specimens were inspected using cone beam
computed tomography relative to the nasal cavity (NC) and
the surrounding bones, including the palatine bone,
maxillary process, inferior nasal concha and lacrimal bone.
The human foetuses analysed were 223.2 ± 25.9 mm in
crown-rump length (CRL) and ranged in estimated age
from 20 to 30 weeks of gestation. The amount of bone in
the maxilla surrounding the MS increased gradually
between 20 and 30 weeks of gestation. Various calciﬁed
structures that formed the bone matrix were found in the
cortical bone of the maxilla, and these calciﬁed structures
speciﬁcally surrounded the deciduous tooth germs. By
30 weeks of gestation, the uncinate process of the ethmoid
bone formed a border with the maxilla. The distance from
the midline to the maximum lateral surface border of the
MS combined with the width from the midline to the
maximum lateral surface border of the inferior nasal
concha showed a high positive correlation with CRL in
Japanese foetuses. There appears to be a complex corre-
lation between the MS and NC formation during
development in the Japanese foetus. Examination of the
surrounding bone indicated that MS formation inﬂuences
maturation of the maxilla and the uncinate process of the
ethmoid bone during craniofacial bone development.
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Introduction
The maxillary sinus (MS) begins to form at 10 weeks of
gestation during the process of primary pneumatisation,
with the MS originating in the middle meatus and
extending into the ethmoid cartilage. At 20 weeks of
gestation, when secondary pneumatisation occurs, the MS
then extends into the ossifying maxilla [16]. During foetal
development, the MS enlarges to form the nasal cavity
(NC) with the maxilla and other surrounding nasal bones.
The morphology of the medial wall within the vertical
plate of the palatine bone, the maxillary process, the
inferior nasal concha and the lacrimal bone of the NC
have been examined [16]. Tooth germs appear in the
inferior borders of the maxillary prominences [7]. The
palatine bone, inferior nasal concha, lacrimal bone and
palatine process of the maxilla all play important roles in
formation of the MS during development of the lower
face. While previous studies have focused on the role of
the paranasal sinuses and the morphology of the air
sinuses in formation of the NC [8, 15, 18], the involve-
ment of matrix calciﬁcation in the surrounding bones in
this process remains unknown. Hypoplasia of MS-asso-
ciated malformation is related to ethmoidal air cells dur-
ing formation of the NC [14]. Several types of hypoplasia
of the MS are known, including hypoplasia and aplasia of
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meatus-draining MS and over-pneumatisation with respect
to the MS septa and infraorbital ﬁssure [13]. The effects
of MS hypoplasia on other sinuses and the nasal cavity
bones are currently unknown. The development of the
teeth requires proportionate growth of the maxilla at the
same time as when the growing maxilla is undergoing
remodelling [3, 9]. The development of the paranasal
sinuses is also connected to the growth of the facial
cranium and teeth [5]. The morphology and formation of
the MS are thought to be affected by the development of
the maxilla and related bones, but little is known about
the role of calciﬁcation and the resulting structure of the
bone during development of the human foetus. Therefore,
we studied the morphology of the MS and its accompa-
nying structures using cone beam computed tomography
(CBCT) to better understand the processes involved in
facial development.
Subjects and methods
Subjects
This study was performed in 25 Japanese foetuses, which
averaged 223.2 ± 25.9 mm in crown-rump length (CRL)
and ranged in estimated age from 20 to 30 weeks of ges-
tation. The approximate age of each foetus was determined
using Streeter’s tables [17]: 20 weeks, 175–186 mm;
24 weeks, 217–228 mm; 30 weeks, 275–284 mm. The
CRL was determined by straightening the foetal body and
placing the head so that the eye–ear line was perpendicular
to the axis of the body.
Methods
CBCT images
Cone beam computed tomography (PSR 9000N, Asahi
Roentgen Industry, Kyoto, Japan) was used in this study.
Images of the MS and surrounding structures were acquired
for 25 foetuses (15 males and 10 females). The CBCT was
operated at a tube potential of 60 kV and tube current of
4 mA, and the scans acquired cylindrical areas of /
41 9 40 mm with high resolution (voxel size = 0.1 mm).
From the three-dimensional CBCT images, the diameter of
the MS was measured using ASAHI vision software (Asahi
Roentgen Industry) and Micro AVS version 11 software
(KGT, Tokyo, Japan). After identifying the median sagittal
plane and the palatal plane (PP), which is deﬁned by the
anterior and posterior nasal spines and is perpendicular to
the median sagittal plane, as a reference plane, the mea-
surements described below were performed.
Measurements
The points measured in the CBCT images of the Japanese
foetuses are shown in Fig. 1. Four measurements of the
maxilla with respect to the tooth germ were made: Dh is
the height of the ﬁrst deciduous molar in the maxilla from
the PP to the superior border of the dental sac (Fig. 1a); Dw
is the width of the ﬁrst deciduous molar in the maxilla from
the midline to the inner border of the dental sac (Fig. 1a);
Eh is the height of the second deciduous molar in the
maxilla from the PP to the superior border of the dental sac
(Fig. 1b); Ew is the width of the second deciduous molar in
the maxilla from the midline to the inner border of the
dental sac (Fig. 1b).
In addition, three measurements of the maxillary sinus
were made: INMw is the width from the midline to the
lateral (outer) surface border of the inferior nasal concha
(Fig. 1c); MSw is the width from the midline to the lateral
(outer) surface border of the MS (Fig. 1D); MSh is the
height from the PP to the inferior border of the MS
(Fig. 1d).
Ethics
The foetuses were obtained from spontaneous abortions
with the consent of each family in accordance with the Law
Concerning Body Donation for Medical and Dental
Education and the Law Concerning Cadaver Dissection
and Preservation. The foetuses were all examined at
Nippon Dental University.
Statistical methods
Linear regression analyses to correlate the CRL and facial
growth were performed. Pearson’s correlation coefﬁcient
was used to determine the correlations.
Results
The linear regression equations for maxillary sinus growth
(MSG) are shown in Fig. 2a–g. There was a highly positive
correlation between the MSG (MSw, r = 0.861: INMw,
r = 0.820) and the CRL (Fig. 2f, g). The correlations
between the CRL and Ew (r = 0.600), MSh (r = 0.577)
a n dE h( r = 0.682) were moderately positive (Fig. 2b, d, e),
while the correlations between the CRL and Dh (r =
0.424) and Dw (r = 0.423) were low (Fig. 2a, c).
The growth pattern of the facial bones between 20 and
30 weeks of gestation was examined using three-dimen-
sional reconstruction of a series of CBCT images (Figs. 3,
4, 5). From the frontal view, the maxilla was located at the
inner lower part of the orbit at 20 weeks of gestation.
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maxilla was located on the outer lower part of the maxilla.
The maxilla, zygomatic bone and vomer could also be
visualised at this age (Fig. 3a1, a2, b1, b2). In contrast, the
nasal basal region of a thin part of the V-shaped vomer
could not be visualised clearly at this gestational age, as
these structures were faint in some CBCT images and not
clear in other images (Figs. 4a1, a2, b1, b2; 5a1, a2, b1,
b2). The amount of bone within the vomer increased
gradually, proceeding from the surface of the palatal pro-
cess of the maxilla toward the vertical plate (Figs. 3, 4).
At 20 weeks of gestation, the MS appeared as a small
space basal to the lateral side of the middle concha in the
NC (Fig. 3a1, a2, b1, b2).
At 30 weeks of gestation, a region of radiopacity in the
lower part of the anterior border of the vomer could be seen
in the CBCT images (Fig. 5a1, a2, b1, b2). When examined
horizontally at a gestational age of 20 weeks, the vomer
appeared in two separate bone matrix layers (Fig. 3a1, a2,
b1, b2). In contrast, the vertical plate of the ethmoid bone
still had a low density in comparison with the other bone
matrices in the NC at 30 weeks of gestation (Fig. 5a1, a2,
b1, b2).
The palatal process of the maxilla appeared in the CBCT
images at 24 weeks of gestation. The thin lateral zone of the
zygomatic bone widened gradually and appeared to have a
higher densitythan the surface of the maxilla wherethe cleft
formed on the lateral side of the radiopaque zone around
the infraorbital canal (Fig. 4a1, a2, b1, b2). In the maxilla,
the area around the infraorbital canal and the cleft of the
maxillary sinus were observed clearly on the surface of
the NC at this gestational age (Fig. 4a1, a2, b1, b2). The
lateral surface of the maxilla was radiopaque at 30 weeks of
gestation (Fig. 5a1, a2, b1, b2). The ethmoid bone and
inferior nasal concha all had low densities at 20 weeks of
gestation, but their radiopacity increased gradually by
24 weeks of gestation (Figs. 3, 4). The lateral border of the
bonematrixaroundthedentalfollicleoftheteethappearedat
24 weeks of gestation, and the radiopacity in the CBCT
images increased gradually as the bone matrix developed.
Thetoothgermoftheﬁrstdeciduousmolarwaslocatedinthe
lateral lower part of the maxilla, and the deciduous incisors
and canines, which showed partial calciﬁcation of the
crowns, were also located under this border (Figs. 3, 4, 5).
Discussion
The CBCT images clearly showed calciﬁcation of the bone
matrix and the side of the cortical bone during the
Fig. 1 Frontal view showing
the measurement points of the
maxillary sinus in the maxilla
on CBCT images. PP, deﬁned
by the anterior and posterior
nasal spines and is
perpendicular to the median
sagittal plane; Dh, height of the
ﬁrst deciduous molar in the
maxilla from the PP to the
superior border of the dental
sac; Dw, width of the ﬁrst
deciduous molar in the maxilla
from the midline to the inner
border of the dental sac; Eh,
height of the second deciduous
molar in the maxilla from the
PP to the superior border of the
dental sac; Ew, width of the
second deciduous molar in the
maxilla from the midline to the
inner border of the dental sac;
INMw, width from the midline
to the lateral (outer) surface
border of the inferior nasal
concha; MSh, height to the
inferior border of the maxillary
sinus at a right angle from the
PP; MSw, width from the
midline to the lateral (outer)
surface border of the maxillary
sinus
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123formation and development of the maxillary sinus (MS) in
the human foetus throughout the period from gestational
weeks 20 to 30. The growth rate of facial features relative
to component weight was similar to that of the body weight
in Brazilian foetuses reported previously [12]. The length
and area associated with the cranial base were related to the
CRL in Korean foetuses [10]. Our data showed an
increased growth rate of the CRL relative to the growth of
facial features in Japanese foetuses with respect to width,
as indicated by several of our measurements, including
MSw and INMw (Fig. 2a–g). Therefore, MS growth
(MSG) is affected by the width of the NC and the lateral
border of the maxilla. Kopper et al. [8] reported that the
MS expands not only in the posterior direction, but also
outward in the anterior direction after it ﬁrst appears and
that the MS volume at a gestational age of 9 weeks is very
small in Japanese foetuses. MS hypoplasia, which occurs at
a frequency of approximately 4.2% [14] to 4.6% [13], is
responsible for some abnormalities in the formation of the
MS. The uncinate process of the ethmoid bone, which
appears during the tenth week of gestation, is an important
structure along with the MS septa for the proper formation
of the paranasal sinuses [1, 4, 13]. The matrices within the
maxilla begin the process of mineralisation at 20 weeks of
gestation [16]. The sphenoid sinuses have a more variable
effect, especially when compared to that of the MS, on
development of the paranasal sinuses [15]. During weeks
11 and 12, the sinusoidal air space develops progressively
lateral to the cartilaginous uncinate process from this
space. The appearance of the uncinate process seems to
inﬂuence the development of the MS at an early stage [2].
When invagination of mucosa invades the maxilla at
17 weeks of gestation, the appearance of the MS can then
be correlated with formation of the lateral nasal wall [1].
The densities of the vomer, ethmoid bone, zygomatic bone,
inferior nasal concha and maxilla were variable over the
course of this study, indicating different levels of
Fig. 3 Three-dimensional reconstruction of the nasal wall in the
lower facial region at 20 weeks of gestation (CRL, 178 mm).
a Frontal view of the maxillary sinus and nasal cavity. The locations
of the cross-sectional axial slices that were taken through the area of
interest are indicated (a1). Three-dimensional frontal view of the
maxillary sinus and nasal cavity. A density indicating the presence of
the uncinate process of the ethmoid cartilage appeared near the nasal
side of the maxilla (a2). b Horizontal view of the maxillary sinus and
nasal cavity. The locations of the cross-sectional axial slices that were
taken through the area of interest are indicated (b1). Three-
dimensional horizontal view of the maxillary sinus and nasal cavity
(b2). Bar 2 cm, arrow maxillary sinus, arrowhead uncinate process
Fig. 2 Regression lines (black lines) for the correlation between CRL
and growth of facial length (Fig. 1). Pearson’s correlation coefﬁcient
was used to measure the strength of the association between the two
variables. MSG (MSw, r = 0.861: INMw, r = 0.820); Ew
(r = 0.600); MSh (r = 0.577); Eh (r = 0.682); Dh (r = 0.424);
Dw (r = 0.423)
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123calciﬁcation in each of these structures at each stage during
development. Parts of the maxilla, such as the lateral,
palatine process of the maxilla, were clearly visible in the
images at 24 weeks of gestation. This indicates that the MS
is surrounded by bony structures comprised of some of the
nasal bones at this stage. The uncinate process of the
ethmoid bone was also seen clearly with a measurable
density at 20 weeks of gestation. By 30 weeks of gestation,
this process forms a border with the maxilla on the nasal
side. The elongated structure of the uncinate process affects
formation of the boundary on the nasal side between the
maxilla and MS during development (Fig. 6). The MS also
descends following the direction of the palatal process of
the maxilla. This correlation is also related to the growth
of facial width. Therefore, the formation and development
of the MS are affected by nasal cavity elements, such as the
uncinate process, vomer and maxilla, whereas the devel-
opment of the NC is affected by different bones in the
human foetus. In general, the bones of the facial skeleton
developed at a slower rate than those of the calvariae due to
the increase in volume of the foetal brain during the second
and third trimesters [11]. However, the facial growth may
change in the horizontal direction from 19 to 30 weeks
gestation. The highest growth rate was in the width of the
NC [6]. In Korean foetuses, the maxilla grew in greater
increments in the horizontal direction when compared to
the vertical direction [10, 19]. Brazilian foetuses had a
slower growth rate of the lower face in contrast to those of
the zygomatic, maxilla and ethmoid bones [12]. Our cohort
of Japanese foetuses had a more pronounced growth rate
for the lower cranial bones and NC in the horizontal
direction, which is similar to the observations in Korean
foetuses [10, 19]. Our data also indicated that the CRL had
an increased growth rate when compared to the maxillary
bone in the horizontal direction. These features that inﬂu-
ence development of the craniofacial bones may charac-
terise individuals of Asian descent. In addition, the bony
space within the maxilla decreased gradually in response to
elongation of the maxillary sinus during development of
the dental sac. The roots of the teeth are located close to the
lower ﬂoor of the MS and can be found outside the maxilla
by 30 weeks of gestation. The roots of the ﬁrst and second
molars are located in close proximity to the lower ﬂoor of
the MS. During formation of the maxilla, the tooth germs
require space within the maxilla in which to elongate or
expand as they also mature [7]. The development of the
Fig. 4 Three-dimensional reconstruction of the nasal wall in the
lower facial region at 24 weeks of gestation (CRL, 210 mm).
a Frontal view of the maxillary sinus and nasal cavity. The locations
of the cross-sectional axial slices that were taken through the area of
interest are indicated (a1). Three-dimensional frontal view of the
maxillary sinus and nasal cavity. The uncinate process of the ethmoid
bone is located near the nasal side of the maxilla (a2). b Horizontal
view of the maxillary sinus and nasal cavity. The locations of the
cross-sectional axial slices taken through the area of interest are
indicated (b1). Three-dimensional horizontal view of the maxillary
sinus and nasal cavity (b2). Bar 2 cm, arrow maxillary sinus,
arrowhead uncinate process
Fig. 5 Three-dimensional reconstruction of the nasal wall in the
lower facial region at 30 weeks of gestation (CRL, 275 mm).
a Frontal view of the maxillary sinus and nasal cavity. The locations
of the cross-sectional axial slices that were taken through the area of
interest are indicated (a1). Three-dimensional frontal view of the
maxillary sinus and nasal cavity. The uncinate process of the ethmoid
bone formed a border with the maxilla (a2). b Horizontal view of the
maxillary sinus and nasal cavity. The locations of the cross-sectional
axial slices that were taken through the area of interest are indicated
(b1). Three-dimensional horizontal view of the maxillary sinus and
nasal cavity (b2). Bar 2 cm, arrow maxillary sinus, arrowhead
uncinate process
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123tooth germ, with their accompanying dental sacs, also
affects the formation and development of the maxilla,
especially with respect to the dimension of facial growth.
As a result, the lower facial region containing the maxilla
was altered by an elongated maxillary sinus and by the
developing tooth germs in Japanese foetuses.
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